The rotational structure of the pseudorotational (PR) band n = 0 → n = 2 has been observed in jet-cooled tetrahydrofuran (THF) in the 170-360 GHz 
PR states. Based on the symmetry properties of the pseudorotational states involved in this study, an analytical model of the potential energy surface (PES) along the pseudorotational path has been proposed that provides a consistent explanation of all the observed transition frequencies, including those from the early IR work. In addition, an analysis of the variation of the rotational constants of the molecule in different PR states has been performed using the proposed model. This analytical PES and the derived rotational constants are compared to the results of ab initio calculations. A discussion of the results obtained by different methods is given.
I. INTRODUCTION
Pseudorotation is a large amplitude motion arising from the interaction of two degenerate, or nearly degenerate out-of-plane ring puckering modes (see Fig. 1 ) in the presence of a small barrier to planarity of the molecule.
1 Pseudorotation in tetrahydrofuran (THF), C 4 H 8 O, arises from near cancellation of the angular strain forces due to non-tetrahedral bond angles in the skeleton ring and torsional forces due to hydrogen-hydrogen repulsion. 2 Hence, the molecular motion is associated with relatively weak residual restoring forces.
The resulting minimum energy configuration of the molecule is slightly puckered, and the potential energy is nearly independent of the puckering phase (pseudorotation angle). The resulting vibrational motion resembles the ring puckering, but in such a way that the phase of puckering rotates around the skeleton ring. In such a case, it is possible to treat the ring-puckering motion in cylindrical polar coordinates (ρ, φ), where ρ is the amplitude, and φ is the phase of ring puckering. This motion can be qualitatively described as the traveling of a transverse wave around the skeleton ring of the molecule. The overview of this motion is given in Fig. 1 . Harris and co-workers 1 showed that if the pseudorotation is completely free (i.e. no barrier along the pseudorotation path), the vibrational Hamiltonian separates exactly in the polar coordinates yielding the rotor-like solution for the angular part of the Hamiltonian, and oscillator-like solutions for the radial part. A small barrier to pseudorotation will give rise to non-vanishing off-diagonal elements, resulting from the interaction between angular and radial modes. However, if this barrier is small, these off-diagonal elements can be treated as perturbations. This is the case with several cyclic organic molecules, including cyclopentane, 3 tetrahydrofuran, 4 and 1,3-dioxolane.
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Although the pseudorotational model was originally proposed for cyclopentane, 6 the lack of a permanent dipole moment in this molecule, and thus, a negligible transition moment between PR states did not allow for the direct spectroscopic observation of pseudorotation.
The first direct spectroscopic observation of pseudorotation was made in THF. Lafferty et al. 2 and Greenhouse and Strauss 7 reported a series of pseudorotational bands between 30-370 cm −1 in the far-IR region, which were assigned as transitions between different pseudorotational states, but for which rotational structure was not resolved.
Engerholm et al. 4 reported the measurement of the rotational transitions within the lowest 9 pseudorotational states, and noticed that the rotational spectra of the molecule in most of the pseudorotational states are strongly perturbed. This was manifested in >100
MHz deviations of the experimentally observed frequencies from values calculated without taking into account interactions between rotational levels of the adjacent PR states. The observed PR states were assigned based on the analysis of such perturbations and the relative intensity of the rotational transitions arising from these states. They determined a barrier to 3 pseudorotation as a function of a pseudorotational angle φ. From their analysis it followed that the four lowest pseudorotational states n = 0, 1, and n = 2, 3 are arranged in two pairs with energy separations of the order of 1 cm −1 , and the energy difference between pairs is of the order of a few wavenumbers.
The first rotationally resolved transitions between pseudorotational states were reported by Meyer et al., 8 who measured the rotation-tunneling transitions between what is likely the lowest two pairs of nearly degenerate states n = 0, 1, and n = 2, 3, as well as the rotational spectra arising from within those levels, which are labelled in increasing energy n = 0 − 3.
Their spectral analysis supported the nature of the barrier to the pseudorotation proposed by Engerholm and co-workers, 4 and refined its parameters.
In an independent study, Mamleev et al. 9 measured the rotational transitions in the nine pseudorotational states, as well as rotational-tunneling transitions in the n = 0, 1, and n = The comparison between the different models of the potential surface shows that these models result not only in different energy spacings among the pseudorotational states, but, more importantly, in a different symmetry ordering of the few lowest states. Therefore, important information can be obtained from the spectroscopic measurements of the transitions between the lowest pairs of states lying in the range of a few, up to ten, wavenumbers. Such transitions should be observable according to either of above mentioned models, but the 4 selection rules and details of the spectrum should be different. In this paper we report the results of such measurements and discuss the results of the analysis of the available data in the context of the newly refined potential function.
II. EXPERIMENT
The experimental data were acquired using the pulsed FASSST spectrometer described elsewhere, 11 and only a brief description is given here. The block diagram of the apparatus is shown in Fig. 2 . The rapidly scanned (100-120 GHz/s) radiation from a backward wave oscillator (BWO) is focused on a free jet formed by a pulsed slit nozzle 25 µm wide and 18 mm long. The slit nozzle is formed by an adapter attached to a face plate of a standard
General Valve nozzle with a 0.5 mm circular orifice. The transitions are detected by a hot electron InSb bolometer operated at liquid helium temperature. The output signal from the bolometer is amplified, filtered and stored in the controlling computer. The traces were averaged over 200 to 1000 scans, which corresponds to integration times of 100-500 µs per data point. The sample was prepared by running the carrier gas (neon, Praxair, research grade) over the surface of liquid tetrahydrofuran (Malinkrodt, 99.8%) held at temperatures 5-15 o C. The backing pressure varied between 4.6 and 10 bar. The spectra were probed at distances of 15 to 27 mm downstream.
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III. RESULTS AND DISCUSSION
A. Spectroscopic Observations and Assignments
A broad search in the region between 170 and 360 GHz resulted in the observation of a series of transitions forming distinct P-, Q-, and R-branch patterns. Portions of the observed spectra are shown in Fig. 3 . The transitions in the P and R branches, corresponding to different K a K c , but the same J values of the asymmetric rotor, appear in groups covering 2-500 MHz, whereas such groups of lines corresponding to different values of J are separated by about 14 GHz. The structure of the Q-branch is more complex, as the K a K c , and J structures overlap, and the transitions could not be assigned on the basis of a simple visual inspection.
The intensity of the transitions corresponding to the lower J values in the P and R branches increased with the backing pressure in the expansion up to about 150 psi, and the optimum signal intensity was obtained at distances of about 25 mm downstream. At these conditions, the signal to noise ratio of lower J lines in the P and R branches was as high as 30, and for certain transitions in the Q-branch it was as high as 220. The expansion using neon as a buffer gas resulted in better signal-to noise ratio than the expansion in helium.
Based on the relative intensities of the transitions corresponding to different J values, we estimated the rotational temperature to be about 6 K. Since the pseudorotational motion is strongly coupled with the rotation of the molecule, we expect that the temperature describing pseudorotational state population to be similar. This implies that the observed spectrum corresponds to a vibrational transition from one of the lowest pseudorotational states.
To determine the type of the transition, we generated a model of our spectrum using 6 the CALFIT software package 12, 13 and the data of Meyer et al. 8 Comparing the rotational structure of the spectra generated by different components of the dipole moment with the experimentally observed spectrum, we concluded that the observed band is of c-type. Based on the selection rules by Greenhouse and Strauss, 7 and transformation properties of the dipole moment of THF, we concluded that the observed band can correspond to either the n = 0 → n = 2, or the n = 1 → n = 3 transition. The rotational structure of the c-type band between states n = 0 and n = 2 derived from data of Meyer and co-workers predicts the observed pattern fairly accurately. Therefore, the observed band has been assigned as the n = 0 → n = 2 transition. With this assignment of PR quantum numbers, both the microwave and submillimeterwave data sets could be fit simultaneously to within their expected experimental uncertainties.
B. Symmetry Considerations
The tetrahydrofuran molecule, which exhibits a large-amplitude out-of-plane bending is appropriately described by a PI symmetry group isomorphous with the C 2v point group. in Fig. 4 The splitting between the levels n = 5 and n = 6, correlating to the = 3 free pseudorotor level, is largely induced by the interaction with the adjacent levels. Its low value (68 GHz), 9 as well as the large separation between the n = 5 and the nearest level with which it interacts (see succeeding section), n = 3 (23 cm −1 ), 4 indicates that the interaction between the states with different for > 2 can be treated as relatively weak perturbations.
Then the lowest five n levels, correlating with 2, can be treated separately from the rest of the pseudorotational stack.
The observed a-type transitions between states n = 0 and n = 1 are allowed due to a strong interaction between these states (see succeeding section) and are consistent with the assignment of n = 1 as an A 2 level. A transition between the n = 1 and n = 3
states requires a transition moment of A 2 symmetry, whereas none of the components of the dipole moment has these transformation properties, and therefore this transition is dipole-forbidden. Therefore, the experimentally observed selection rules uniquely define the symmetry ordering of the four lowest observed PR states as Γ(
In these assignments of n levels we have made the assumption that the 4 observed levels are indeed the 4 lowest PR states. We will later make arguments supporting this assumption. This symmetry assignment of the lowest pseudorotational states is consistent with the model potential suggested by Mamleev et al.
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C. Rotational analysis and parameters
Engerholm et al. 4 and Meyer et al. 8 showed that the rotational levels are strongly perturbed by a pseudorotational-rotational interaction. To take this interaction into account,
Meyer and co-workers used Pickett's Hamiltonian, based on the reduced axes system, 12, 13 and established that for an adequate description of the molecular energy structure it is sufficient to include only the interaction between the pseudorotational states belonging to the same nearly-degenerate pair, that is, n = 0, 1, and n = 2, 3. Hence, the Hamiltonian is written as:
where
and the
where x, y are the molecular axes chosen such that the term H ij is allowed by symmetry,
In the model proposed by Meyer and co-workers, the symmetries of the pseudorotational states in the pairs are A 1 , A 2 for n = 0, 1, and B 1 , B 2 for n = 2, 3 levels, respectively.
Therefore, for both pairs the off-diagonal element is a bilinear form of P b , P c . 8 As we have discussed above, we agree that the n=0,1 states are of A 1 and A 2 symmetry, but our arguments indicate that the pair of states n = 2, 3 has symmetries B 1 , A 1 . This implies that the off-diagonal term connecting n = 2 and n = 3 should have B 1 symmetry, and therefore contain a bilinear terms of P a , P c . 9 Hence, the off-diagonal term H i,j is written as follows:
Once the assignment of the observed transitions was made, the data obtained in the present experiment, along with the data reported by Meyer and co-workers, were globally fit to the Hamiltonian Eqs.(3.1)-(3.4) using the CALFIT software. 12, 13 A total of 176 microwave transitions and 104 submillimeterwave transitions, all weighted inversely proportional to the measurement precision, was used. The standard deviation of the fit was 38 kHz for the microwave data, and 300 kHz for the submillimeterwave data. The results of the fit are summarized in Table II .
D. Potential surface analysis
Analytical formulation. Harris et al. 1 showed that the reduction of symmetry of the molecule from D 5h to C 2v and removal of the degeneracy between the twisting and bending ring-puckering modes gives rise to the angular dependence of the potential energy along the pseudorotational path, which results in the hindering of the angular motion. The appropriate pseudorotational Hamiltonian in this case is expressed as follows:
where B p is the pseudorotational constant, is a quantum number associated with the between different PR levels is ignored, the splitting between the PR states correlating with free pseudorotor limit , can be approximated as follows. Evaluating V (φ), Eq.(3.6) over the pseudorotational functions Ψ ± , yields for the diagonal matrix elements, Ψ ± |V |Ψ ± = ∓δ j V 2j /4, where Ψ ± is the symmetry adapted basis function correlating with the free pseudorotor level . Hence, if the V 2j <0, the − state will have lower energy than the + state, and vice versa, and the splitting between the "+" and "-" states will be equal to |V 2j |/2 (j = ). The Ψ +| | functions transform as A 1 and B 1 for even and odd , respectively, and the Ψ −| | transform as B 2 and A 2 for even and odd , respectively.
As we have shown above, a-type selection rules of the n = 0 → n = 1 band and c-type selection rules of the n = 0 → n = 2 band determine the symmetries of the n=0,1,2 states to be A 1 , A 2 , and B 1 , respectively. As a result, since the A 2 (n=1) state has lower energy than the B 1 (n=2) state, the V 2 term in Eq.(3.6) is negative.
We now return to the question of whether the four observed levels are indeed the four lowest PR states. Reasonably, the levels with > 2 can be excluded from consideration since transitions between them can be expected to be well outside the investigated frequency range, and the splittings between the "+" and "-" levels with the same | | become continually smaller as they are likely well be above any expected barrier. Additionally, cooling the sample in the free jet is likely to significantly depopulate these levels. However, of the pair of levels correlating with = 2, only one level, called n = 3 is experimentally observed in the present work. This level is located about 2 cm −1 above the upper component (n = 2) of the = 1 pair. 8 If the interactions with other levels are ignored, the energies of the n = 3
and n = 4 are determined by the separation of the = 1 and = 2 states in the unperturbed pseudorotor limit (≈ 9.6 cm −1 for B p = 3.19 cm −1 ) and the magnitude of the V 4 . The n = 3
to n = 4 energies can be obtained experimentally. The sum of separations between n = 2 and n = 3, and n = 2 and n = 4 levels is approximately equal to 6B p -|V 2 |/2, which gives 15.3 cm −1 , using the value of V 2 = -7.84 cm −1 reported by Mamleev et al. 9 As noted above, the c-type transitions between the n = 2 and n = 3 are observed at 61 GHz (≈ 2 cm −1 ). The analysis of the rotational spectra also provides the information about the pseudorotational energy level structure. Engerholm et al. 4 assigned the rotational spectrum observed in their work to transitions within the lowest 9 pseudorotational states using the analysis of perturbations to the spectral pattern, obtained with the rigid rotor Hamiltonian, and proposed a model for the barrier to pseudorotation based on this assignment.
Meyer et al. 8 have measured the rotational spectra of the THF within the lowest 4 PR states, as well as PR bands n = 0 → n = 1 and n = 2 → n = 3, and proposed a model potential, which reproduces these origin frequencies of these two bands. This model is qualitatively consistent with the one proposed by Engerholm and co-workers. However, the model proposed by Meyer and co-workers predicts the origin frequency of the transition n = 0 → n = 2, observed in this work, to lie at 199 GHz, whereas it was observed at around 269 GHz (see Table II ), which is over 2 cm −1 higher than the predicted value. It also predicts the origin of the n = 5 → n = 6 band to lie at 6.1 cm −1 , whereas it has been observed at about 2.3 cm −1 (68 GHz). 9 As discussed above, Mamleev et al. 9 derived a new set of parameters that adequately describes the symmetry properties of the pseudorotational states, but still predicts the origin of the n = 0 → n = 2 transition at a frequency of about 216 GHz, more than 50 GHz below its experimentally observed value.
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Starting with the model of Mamleev and co-workers, with the series Eq.(3.6) truncated at the V 4 term, we attempted to find the optimum set of parameters which predicts the observed values of the origins of the observed pseudorotational transitions best (Table III) analysis is the same as that determined above from the PR transition selection rules. It is these signs that determine the locations of global minima shown in Table IV . The shape of the potential using our presently obtained values is shown in Fig. 4 .
Although the resultant set of parameters V 2j gives reasonable agreement with all the microwave data (Table III) , the deviations (in certain cases over 1 cm −1 ) of the calculated band origin frequencies from experimentally observed ones, suggests that the pseudorotational Hamiltonian possibly contains perturbation terms which are not taken into account. using the symmetry operations of the relevant PI group (C 2v )). Hence, according to these authors, the full cut of the PES along the pseudorotational path exhibits two pairs of nonequivalent maxima and four equivalent minima. The model proposed by Mamleev and co-workers, 9 which is consistent with our observations, suggests that the potential energy assumes its minimum values in the symmetric configurations, and the maximum in between.
Accordingly, the full cut of the PES in this case exhibits two global minima at φ g =90 and 270 o (C 2 configurations), two local minima at φ l = 0 and 180 o (C s configurations), and four equivalent maxima in asymmetric configurations (see Table IV and Fig. 4) . . 16 This technique relies on a choice of the correction terms for non-equilateral pentagonal rings, which can be determined from the configuration of the molecule. We considered this approach, but chose a more optimal method proposed by Meyer et al., 8 based on the relationship of the pseudorotational angle to the two dihedral angles, τ and τ between C β OC β and OC α C β planes, and between C β OC β and OC α C β planes, respectively, where C α , C α are the carbons bonded to oxygen, and C β , C β are those that bonded to two other carbon atoms:
We have performed a series of optimization calculations, obtaining the potential energy The direct calculation of such small variations of the potential surface along the pseudorotation path is clearly at the very limit of contemporary quantum chemistry calculations.
Therefore, to obtain a better reference point for our analysis, we chose to use another, indirect method for the evaluation of the potential function of the molecule, based on the analysis of the rotational constants. The effect of pseudorotation can be experimentally observed in the variation of the rotational constants with the pseudorotational state. The instantaneous value of a rotational constant as a function of the pseudorotational angle φ can be expressed by appropriate symmetry-allowed Fourier series:
The observed values of the rotational constants are then expressed as the expectation values of the functions G(φ) in a particular PR state:
where Φ n is the eigenfunction of the pseudorotational state n. For a set of observed rotational constants G n , the coefficients terms n the sum Eq.(3.8b) are sensitive to the wavefunctions Φ n , and, therefore, the to the eigenfunctions Φ n , and, therefore, to the shape of the potential surface of the molecule along the pseudorotational coordinate. Using the eigenfunctions, Table VI .
For a reference, we have performed ab initio calculations of the instantaneous functions G(φ) using a technique similar to that which has been used for the direct calculation of the potential energy profile, described above, and the same computational methods, B3LYP and MP2 with a basis set 6-31+G**. For each given value of the pseudorotational angle φ, we have calculated instantaneous values of rotational constants, and then fit the obtained data directly to the series Eq.(3.8a). The results of the fit are summarized in Table VI . The series representing the dependencies of the rotational constants obtained using different levels of theory, rapidly and smoothly converge. The G i terms with i > 6 are of the order of a MHz or less, and not shown. Unlike the direct calculations of the potential energy profile, the two different methods produce qualitatively similar results, which are also similar with the results obtained from the analysis of the experimental data (see Table VI out that the significant difference in the C constants indicates strong interaction between these states. Therefore, the rotational constants of the THF in the highly excited PR states are not solely characteristical of the structure of the molecule, but are effective constants, and also include the effect of the interaction between the pseudorotational states.
E. Limitations of the existing pseudorotational model
The pseudorotational Hamiltonian Eq.(3.6) provides an adequate qualitative description of the pseudorotational energy structure, but fails to provide the exact values of the energies to within experimental accuracy. The inclusion of the higher order terms both in and φ improves the agreement between the experimentally derived and calculated parameters of the molecule only slightly. Furthermore, the limited availability of the experimental data does not allow to extend the series similar to Eq.(3.6) to high orders. The results of ab initio (Table IV ) also indicate that the higher order terms V 2j rapidly decrease for j > 4, which is consistent with the results of Harris et al.
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The limitation of the present model is also manifested in the strong deviations of the 20 rotational constants in the higher n pseudorotational states correlating to the same value.
Modeling of such fluctuations in the rotational constants would require the inclusion of the higher harmonics terms G i of increasingly high amplitude in the expansion Eq.(3.8) (see Tables V and VI , and also Engerholm et al. 4 ), which describes unrealistically large amplitude, high frequency variations of the structure of the pseudorotating molecule.
Another indication of the approximate nature of the existing model can be seen from large errors in prediction of frequencies of certain pseudorotational transitions, e.g. n = 7 → n = 9
and n = 10 → n = 12, which are not adequately predicted by any of the proposed model of potential barrier (see Table III ; also, see Meyer et al. 8 ). However, such singularities may result from a local resonance, e.g. from interaction with a radial mode.
IV. CONCLUDING REMARKS
The spectroscopic study of the low-frequency, large amplitude vibrational motion in THF enables one to sample the potential function for ring puckering of this molecule in detail by directly observing the PR transitions between the lowest states. In the present work we have measured 104 molecular transitions in THF belonging to the rotational structure of the n = 0 → n = 2 PR band. The nature of the transitions observed in the present work, along with the previously reported data, 
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